Wireless power transfer (WPT) technology has many applications by virtue of its intrinsic safety and convenience characteristics. This is particularly so when the WPT systems are used in conjunction with implanted medical devices, as they can greatly reduce the pain of patients and their financial burdens. In previous researches, the optimal system mainly focuses on the design of the coils which includes the transmitter coil and the receiver coil. In this paper, the WPT system will be optimized to include also the power source circuit and the load circuit, in addition to the coils, as an integral system. A simple circuit which converts the DC source into AC excitation as the feeding circuit is included in the WPT system. In this convert circuit, there are two inductors which can be formed by coils. In the WPT system, the two coils in the convert circuit are transmitter coils. In addition, the receiver coil should be optimized. Thus, the WPT system is constructed by the three coils. In this paper, the parameters in the convert circuit are considered along with the coil parameters in the optimization study.
Introduction
Wireless power transfer (WPT) system has a great application potential, because of the development of the electronic devices. Comparing with the traditional method of power transfer using magnetic inductive coupling in achieving wireless and efficient near-field power transfer, there are increasing number of researchers that focus on the magnetic resonant coupling method [1] [2] [3] .
Since 1960s, the implanted medical devices for various functions gradually have permeated into people's lives, such as pacemaker, deep brain stimulator, and nerve stimulator, which reduce the patients' pain and effectively prolong their life. Although the industry of the implanted medical devices is in a rapid development, it also faces some problems, such as the battery life. In order to guarantee the normal work of the implanted devices, patients must regularly detect the remaining capacity of the battery. A new battery must replace the exhausted battery through surgery which not only increase the patients' economic burden but also bring the patients' physical trauma.
To seek more efficient and durable power supply way, therefore, become one of the key technologies of the implanted medical devices. After entering the end of the twentieth century, to realize the wireless charging for implanted medical devices provides a safe and reliable method to solve the supply problem. Thus WPT technology receives more and more attentions from the researchers in biomedical engineering [4] [5] [6] [7] .
In 2007, the MIT research team proposed the "WiTricity" system using the magnetic resonant coupling [8, 9] . In the WPT system, it is composed of two coil systems, one is a transmitter coil which is connected to a source to generate a shifting magnetic field, and the other one is a receiver coil which keeps away from the transmitter coil without a wire. The excitation of the WPT system should be a sinusoidal function. In practice, the sinusoidal function is obtained by a convert circuit which connects to a DC source.
The receiver coil induced voltage through catching the magnetic fluxes generated by the transmitter coil. As shown in Fig. 1 , the WPT system includes a DC power source, inverter, transmitter, receiver, rectifier circuit, and load. The inverter is applied to invert the DC source into a sinusoidal source to provide a shifting current in the transmitter coil. In the previous research, the works about the WPT system almost focus on the coil design when the system is optimized [10] [11] [12] . In the system, the inverter circuit is too complicated to be optimized along with the coil system. Generally, power transfer efficiency is as the objective function under some constrains, such as the volume of the receiver coil or the power transfer distance. According to the application background, sometimes, the power transfer efficiency and the maximum power transfer are both as the objective functions [13] . Under this condition, the multi-objective optimization method [14, 15] can be used to design the WPT system. In this paper, the power transfer efficiency is chosen as the objective function. The WPT model is formulated as a constrained optimization problem. It is a simulation-based optimization problem with mixed discrete-continuous variables. Metaheuristic approaches are generally appropriate and hence commonly used for solving such optimization problems.
In this paper, a simple convert circuit is used to convert a DC source into an AC source. This circuit is applied into the WPT system for implanted medical devices. Thus, the system can be optimized and analyzed as a whole. A differential evolution (DE) algorithm is used to analyze the model. It is simple to implement, easy to use, and computationally fast.
Convert circuit as feeding circuit
In the WPT system, the DC source is converted into AC source using a convert circuit. In order to make the WPT system simple, the following circuit shown in Fig. 2 is as the feeding circuit to connect with the WPT system [16] . In this circuit, the basic components are DC power supply, resistor R 1 , capacitors C 1 , C 2 , and C 3 , inductors L 1 and L 2 , together with a bipolar junction transistor (BJT) T.
In the circuit, R 1 is used to limit the amplitude of the current flowing into the BJT to guarantee its proper operation; the capacitors C 1 and C 3 are assist components to ensure that the circuit gives more stable output voltage and current; the characteristic of power switch of BJT is used to carry out the conversion from DC to AC. When the excitation in the feeding circuit is a DC voltage, the output voltage and current in L 2 are shown in Fig. 3a and b respectively. It can be seen that the output voltage and current are both a sinusoidal function.
The driving frequency of the feeding circuit is determined by the components L 1 , L 2 , and C 2 . The frequency can be calculated by
For testing, the convert circuit is analyzed firstly. The specifications of the circuit are listed in Table 1 .
According to (1) , the frequency of the convert circuit is 13.56 MHz after the values of inductance and capacitance are substituted. The voltage and current in L 2 are shown in Fig. 3 . It can be seen that the output voltage in L 2 becomes a sinusoidal function with 5-V amplitude from the DC source. The sinusoidal current in L 2 can generate a shifting electromagnetic field which is a key medium in the WPT system.
Analysis methods

Analysis procedure
In this paper, the WPT system applied in the implanted medical devices is optimized and designed. The analysis procedure is shown in Fig. 4 . Firstly, the feeding circuit as shown in Fig. 2 is analyzed to find its optimal parameters and the relationship between the two inductances. The aim of the analysis is to obtain the maximum current in L 2 . Then an optimization method is designed with the above results as the restrict conditions. As a whole, finally, the WPT system is optimized according to the determined initial parameters of the receiver coil.
Initial analysis
Before the WPT system is analyzed, the feeding circuit as shown in Fig. 2 is analyzed firstly. During analysis, the parameters in the feeding circuit will be analyzed while It can be seen that, the output current in L 2 reaches the maximum value when C 1 is about 4 pF as shown in Fig. 5a . In Fig. 5b , it indicates that the value of C 3 has no effect on the output current in L 2 . Its role is just to ensure that the BJT circuit has a relative high voltage gain.
In the feeding circuit, the parameter R 1 also impacts output current in L 2 as shown in Fig. 6 . It can be seen that the output current in L 2 will reach the maximum value when R 1 is about 3 kOhm.
In order to find the relationship of the values of L 1 and L 2 , the frequency of the feeding circuit is fixed. Then the output currents in L 2 are obtained by varying with the values of L 1 and L 2 as shown in Fig. 7 . It can be seen that the output current will reach its maximum when the values of the two inductors are chosen correctly.
Optimization method
In this paper, a differential evolution (DE) algorithm is used to analyze the model. It is simple to implement, easy to use, and computationally fast. The DE algorithm includes the following two equations for producing the candidate solutions:
ð3Þ where x r1 , x r2 , and x r3 are the solutions; v i is called the mutant vector; and u i is a candidate solution. Equations (3) and (4) are, respectively, the mutation operation and crossover operation in DE. Although the model in this paper shares the same features (e.g., simulation-based, constrained, and multidimensional problem) with the TEAM workshop problem 22 and the loudspeaker model as in [17] [18] [19] , this model requires substantially longer simulation time than Fig. 4 The design flowchart of the WPT system previous models. Therefore, we propose to employ the following techniques for handling our problem.
(1)DE algorithm is applied several times to tackle our problem. In the first trial, random initialization is used, while in the following trials, we embed the best found solution in previous trials into the initial population. In this way, DE starts in a good position in the subsequent trials. (2)Solution revisiting happens when a heuristic algorithm converges to global/local optima. In preventing revisiting and saving simulation time, we use a non-revisiting scheme [20] . This scheme stores all solutions in a binary space-partitioning tree structure. This scheme requires more computer memory than an algorithm without this scheme; however, saving simulation time is more important than memory consumption in our case.
With the above two techniques, we expect that a good solution can be found.
3.4 Three-coil wireless power transfer system with the feeding circuit and load circuit According to the above description on the feeding circuit, the wireless power transfer can be analyzed as a three-coil system as shown in Fig. 8 . The coils L 1 and L 2 are combined as the transmitter coil while the coil L 3 is the receiver coil. M is the mutual inductance between the two coils.
According to the electromagnetic theory, the strength of the magnetic field generated by the coil is proportional to its current which can be described as (4) .
where r is the radius of the circular coil. From the above equation, it can be seen that H can be maximized when r ¼ ffiffi ffi 2 p x. Therefore, the outer diameter of the transmitter coil can be chosen from D T out ¼ 2 ffiffi ffi 2 p d where d is the power transfer distance.
In order to obtain a sensible design, the size of the receiver coil should be determined initially. In this research, it is assumed that the WPT system is designed for use in implanted medical devices. The size of the receiver coil, therefore, should be as small as possible. The frequency is chosen to be 13.56 MHz. Based on the above analysis, the WPT system as shown in Fig. 8 is optimized as an integrated system. During the optimization, the optimization objective function is the power transfer efficiency which is expressed as:
where P Load and P Source are the power in the load and the source respectively; I Receiver and I Transmitter are the currents in the receiver coil and the transmitter coil. The relationship of the power transfer distance and the diameter of the transmitter coil are the constraint condition.
Results
In order to reduce the AC resistance of the wire, the Litz wire is used to construct the receiver coil and the transmitter coil is made of copper wire. Through analysis, the relationship between the power transfer efficiency and the number of strands and number of turns of the receiver coil is shown in Fig. 9 .
After optimization design, the parameters of the transmitter coil and the receiver coil are listed in Table 2 .
According to (1), the change of C 2 will determine the frequency of the output current in L 2 . The optimal results in Table 2 are based on the 13.56 MHz. The power transfer efficiency curve varied with different frequencies through changes in the value of C 2 is shown in Fig. 9 . The power transfer efficiency achieves the maximum value (about 30%) when the frequency is 13.56 MHz.
Conclusions
Wireless power transfer technology has a great application potential in implanted medical devices. Different from the previous research, in this paper, the optimization design for the WPT system not only includes the coil system but also considers the influence of the power source. In order to simplify the system, a simple feeding circuit is applied in the WPT system to convert a DC source into an AC source. The property of this feeding circuit is firstly analyzed, and the relationship between the parameters in the circuit is concluded in this paper. Then the optimization method is applied to optimize and design the WPT system as a whole. The results indicate that this method can obtain the optimal performance of the WPT system. 
